Trajectory cluster analysis and source-receptor models (the potential source contribution function (PSCF), concentration weighted trajectories (CWT), and trajectory source apportionment (TSA)) were applied to investigate the source-receptor relationship for the aerosol black carbon (BC) measured at the coastal site (Preila, 55.55 ∘ N, 21.04 ∘ E) during 2013. The main sources and paths of advection to the south-eastern Baltic region and its relation to black carbon concentration were identified. The 72 h backward trajectories of air masses arriving at Preila from January to December 2013 were determined and were categorized by clustering them into six clusters. Subsequently, BC levels at Preila associated with each air mass cluster during this period were analyzed. The PSCF and CWT analysis shows that, on high BC concentration days, the air masses commonly originated and passed over southern regions of Europe before arriving at Preila in winter, while a strong impact of wildfires was observed in spring.
Introduction
Black carbon aerosol is a byproduct of incomplete combustion of coal, biofuel, oil, gas, and residuals and isthe most efficiently light-absorbing aerosol component in the atmosphere [1, 2] strongly connected to anthropogenic sources. BC plays a major role in climate change and makes a significant contribution to anthropogenic radiative forcing [3] . BC aerosol can be transported far away from remote emission sources since its atmospheric lifetime is of the order of weeks or even days [4] . The transportation of BC on the global or regional scale potentially affects visibility in wide regions [5] . BC particles have been found to cause serious health problems as it is mostly present in the fine particle size range and therefore easily penetrates into the human respiratory tract andlater in the cardiovascular system [6, 7] .
The atmospheric dynamics in the south-eastern Baltic region is conditioned by complex interactions of climatic and topographic effects. The Baltic Sea is situated in midlatitudes with strong weather variability due to westerlies with lowpressure systems passing through the region, so southeastern Baltic region can experience both mild maritime conditions and locked up continental conditions, such as persistent high-pressure circulation, in the same area. The sources of BC aerosol vary significantly with region and time of year.
The study results [8, 9] have shown that the aerosol particle number concentration is closely related to wind speed and direction. Easterly winds from the continent might increase the aerosol BC concentrations from 20% (warm season) to 80% (cold season) versus the similar conditions with westerly winds from the seaside. Moreover, wind speed has a nonlinear relation with the concentration which decreases by about 25-35% in weak winds, including the calm conditions; however, an increased wind speed increases the concentration due to particle transportation from the continent. Temporal evolution of surface humidity has double effect on particle concentration. Dry weather pattern is favourable for strong 2 Advances in Meteorology and turbulent surface winds lifting the aerosol particles in the atmosphere. In 90% of all high concentration events, the higher surface pressure field prevailed over the south-eastern Baltic. The large-scale flow during such episodes lied in the south western-north eastern direction over central Europe [10] . Blocking patterns or steady eddies over Europe during warm season tend to increase the meridional circulation in the middle troposphere. A significant large-scale easterly flow in the whole lower troposphere over the eastern Baltic is very favourable for accumulating aerosol particles from areas of Belarus, Russia, and Ukraine. The land/sea-breezes cycle can define local winds and influence the transport particles from/to coastal areas. The combination of low wind speeds and land/sea-breezes leads to the higher concentration of aerosol particles.
For midlatitudes long-range transport of aerosol black carbon is most abundant in winter and spring [11] , when the long-range transport of emissions from wildfires from the Ukraine and European part of Russia frequently increases the particulate matter concentrations and when plumes from central and southern Europe are more liableto reach the high latitudes during winter.
Several different computational approaches have been used for solving inverse pollutant transport. Air mass back trajectory analysis is frequently used to point out the direction and sources of air pollution at a receptor site [12] . Back trajectories trace the path of a polluted air parcel backward in time and have long been used to track the history and pathway of air parcels arriving at a specific location since they were first developed in the 1940s by Petterssen (1940) . Computational advances in the 1960s allowed isentropic analysis and trajectory calculations to be performed graphically on computers [13] . Trajectory clustering techniques, which assign trajectories intorepresentative spatial groups, are a popular method to combine the flow climatology and pollutant transport pathways with particle or gas measurements at a sampling station [14, 15] .
The aim of this study was to investigate the transport pathways and potential sources of BC based on backward trajectories and BC concentration records in 2013. Cluster analysis was used to reveal the major pathways for different seasons as well as corresponding statistical analysis related to different clusters. Hybrid receptor models as potential source contribution function and concentration weighted trajectory were used for identification of BC source regions.
Data and Methods

Instrumentation.
Real-time and continuous measurements of the BC mass concentration were provided by a Magee Scientific Company Aethalometer, Model AE40 Spectrum, manufactured by Optotek, Slovenia. The optical transmission of carbonaceous aerosol particles was measured sequentially at seven wavelengths (0.37, 0.45, 0.52, 0.59, 0.66, 0.88, and 0.95 m). The BC mass concentration was estimated by measuring the change in transmittance of a quartz filter tape based on filtering of air. A Nafion tube diffusion dryer was attached to the inlet to mitigate the effects of humidity. The 0.88 m wavelength is considered as the standard channel for BC measurements as at this wavelength BC is the principal absorber of light, while other aerosol components have negligible absorption at this wavelength [16] . The aethalometer output is calculated directly as the BC concentration through an internal conversion using assumed mass absorption efficiency. The aethalometer converts light attenuation to the BC mass concentration by the specific conversion factor (attenuation cross-section) ( ) of 16.6 m 2 g −1 of BC by the manufacturer (Aethalometer Operations manual, Magee Scientific) and may need to be adjusted when the greatest accuracy is required for a given site. It has been shown that conversion factor varies significantly, depending on the origin and the physical and chemical properties of the aerosol. The aethalometer data recorded with a 5-minute time base were compensated for loading effects using an empirical algorithm [17] . The aethalometer was equipped with an additional impactor removing the particles with the aerodynamic diameter larger than 2.5 m. The starting time referred in this paper is Greenwich Mean Time (for local time: GMT + 2:00). The measurement precision of the aethalometer is reported to be ±100 ng BC m −3 with 1-minute average at a flow rate of 150 mL min −1 as specified in technical specifications by the manufacturer. It is sufficient for ambient total BC concentration measurement with a typical range (1-10 g m −3 ) in urban environments.
Measurement Site and Air Mass Trajectory Clustering.
The Preila site (55.55N and 21.04E, 5 m above sea level) is located in the western part of Lithuania on the seashore of the Baltic Sea, on the Curonian Spit, far from urban areas ( Figure 1 ). There are no large sources of anthropogenic pollution of the atmosphere close to the monitoring site. One of the nearest industrial cities, Klaipeda, is at a distance of about 40 km to the north, and the other, Kaliningrad (Russia), is 90 km to the south from the site.
In order to analyze the association between trajectories and BC/OC concentration in air arriving at a Preila site air mass backward trajectory cluster analysis was used to classify trajectories into groups (clusters) of similar history, that is, similar path of advection and velocity of air flow, meaning that the errors in the individual trajectories tend to average out. The nonhierarchical clustering algorithm was used in this study.
The dataset of geographical coordinates of air parcel backward trajectories, having reached the Preila site, was calculated at 1 h intervals for a period of time between 0 to 120 h before arrival. The optimum number of trajectory clusters was obtained at an altitude of 100 m above sea level in 2013. Starting heights have been used in a number of prior publications [18, 19] . It should be noted that backward trajectories, in general, change altitude as a function of transit time and that the 100 m height is the only one at which the air arrives at the site. The selection of 100 m arriving height as the lowest level resulted from the orography around the site which is surrounded by forest and, thus, lower trajectories could be significantly influenced by the land orography.
The classification of air mass trajectories was performed using the k-means clustering technique (SPSS11.0.0) on a Advances in Meteorology dataset consisting of 10 surface meteorological variables measured at Preila (end of the trajectory). To map the data, prior to the cluster analyses, the geographical coordinates were converted to , cartesian coordinates using the azimuthal equidistant projection with the central point set to geographical position of the Preila. Since this paper investigates the dependence of aerosol black carbon variation on the air mass path, the criterion for selecting the optimum trajectory clusters involved the greatest variation in BC mass concentration. So, using a cluster algorithm, the homogeneity within clusters was achieved by minimizing the angle distances [20] between the corresponding coordinates of the individual trajectories (considering the full length of each 120 h air mass backward trajectory).
The angle distance between two air mass backward trajectories was then given by
where
The variables 0 and 0 define the position of the studied site 1 ( ), 1 ( ) and 2 ( ), 2 ( ) are coordinates of segment for trajectories 1 and 2. Owing to a significant seasonal differentiation of the BC aerosol properties and the possible seasonal variation in transportation process of BC, all four seasons were analyzed.
PSCF Method.
PSCF is a receptor model that incorporates meteorological information in its analysis scheme to produce a probability field that can be used to determine areas of the potential source contribution. The PSCF technique for source identification is a conditional probability that an air parcel that passed through the th cell had a high concentration upon arrival at the trajectory endpoint [21] . A limitation of the PSCF method is that grid cells can have the same PSCF value when sample concentration is either only slightly higher or much higher than the criterion. The criterion value of 50 percentile (median concentration) was used. As a result, it can be difficult to distinguish moderate sources from strong ones.
To calculate the PSCF, the whole geographic region covered by the backward trajectories was divided into a gridded by array. In this study the grid covers an area of interest defined by (40-70)N and 20W-40E with the center of Preila site (55.55 ∘ N, 21.04 ∘ E) as the midpoint and containing grid cells of 0.5 ∘ × 0.5 ∘ . Mathematically, the PSCF is a function of location as defined by the cell indices and while the number of segments with endpoints that fall in the th cell is denoted by . The number of endpoints in the th cell associated with a trajectory that arrives at the sampling site at the same time as a corresponding measured pollutant concentration higher than an arbitrary criterion value is defined by . The PSCF value for the th cell is then
where is the total number of air masses falling into the th cell during the study period and is the number of segment trajectory endpoints in the th cell on the days where the source contribution of which was greater than the criterion value. It is important to note that a grid with no end points ( = 0) cannot be identified as a source area in the analysis even though there are known emission sources in the grid cell [22] .
Then the value of PSCF was interpreted as the probability where the concentration of BC higher than the creation level was related to the passage of air parcel through the th cell. These cells are indicative of areas of high potential contributions for BC pollutant.
Satellite Fire Products.
As part of NASA's Earth Observing System, MODIS is carried on both the Terra and Aqua satellites. MODIS fire observations are madefour times a day from the Terra and Aqua platforms. The enhanced active fire algorithm uses brightness temperatures derived from the MODIS 4 and 11 m channels. The MODIS active fire products provide information about actively burning fires and other thermal anomalies such as volcanoes and power plants, including their location and timing, instantaneous radiative power, and smoldering ratio, presented at a spatial and temporal scales [23] .
CWT Method.
Since the PSCF method is known to have complications distinguishing between strong and moderate sources, the CWT model that determines the relative significance of potential sources has been additionally performed. CWT, also called a concentration field, is a function of BC concentrations that were reported every 1 h and the residence time of a trajectory arriving at Preila in each grid cell. The CWT model selected parameters were the Climate Diagnostics Center NCEP/NCAR Reanalysis archive grid data from the NWS NCEP, trajectory duration of 120 h, and the starting height of 100 and 500 m. The hourly trajectory segment endpoints for each back trajectory that corresponds to each 1 h BC were retained. For 120 h trajectory duration, there were normally 120 trajectory segment endpoints.
The geographical domain was divided into grid cells, each covering an area of 0.5
The CWT is a measure of the source strength of a grid cell to the Preila site and is determined as follows [24, 25] :
is the 1 h BC concentration corresponding to the arrival of back trajectory ; , , is the number of trajectory segment endpoints in a grid cell ( , ) for back trajectory divided by the total number of trajectory segment endpoints for back trajectory ; is the total number of back trajectories over a time period (i.e., each season). Given for BC, , , can be determined by counting the number of hourly trajectory segment endpoints in each grid cell for each trajectory. This was repeated for all the air mass back trajectories.
TSA Method.
TSA is a statistical approach used to compute mean concentrations from various clusters to evaluate the effect of air masses from various directions on BC concentrations. In this study, the trajectory directions were defined by 6 sectors of 60 ∘ each, with sector 1 from due north and 80
∘ east of north (see Figure 3) . Equation (5) was used to calculate the mean BC concentration from sector ( ) and the relative contribution from sector (% ). Consider
where is the total number of trajectories, is the concentration of BC in each th trajectory, is the time passed through sector for the th trajectory, and is the total time during which trajectories passed through sector [26] .
Results
BC Concentrations.
Seasonal frequency distribution of BC mass concentrations, which were evaluated from hourly average BC data at 880 nm collected by aethalometer from January to December 2013, is summarized in Figure 2 . The yearly mean BC concentration in PM2.5 measured over the whole campaign at Preila was 712 ± 500 ng m −3 . This is comparable to previous studies of Byčenkienė et al. 2010 [27] conducted Figures 2(a)-2(c) . However, the pattern during cold and warm seasons is totally different; the highest concentrations were reached at different times, and higher concentrations were found during the winter period. The maximum of the diurnal variation appeared around 8:00-9:00, 15:00-17:00, and 20:00-22:00 in the warm season. The mean concentration of the hour of the day varied between 380 and 440 ng m −3 in warm season and between 560 and 710 ng m −3 in cold season. During cold season the diurnal variation shows that the BC concentrations are observed to be low during the day time while peak is observed during evening and night hours. When late night turned to early morning during warm season, there was a sharp increase in black carbon concentration, which is likely due to vehicular primary emissions during the morning rush-hour and in the afternoon (Figure 2(a) ). High concentration of BC during evening hours is attributed to the boundary layer conditions. Throughout the sampling period, the lowest hourly BC value was 62 ± 30 ng m −3 in autumn (November). Although the seasonal mean BC in summer was lower (500 ± 360 ng m −3 ) than in cold periods (1100 ± 780 ng m −3 ), the highest hourly BC value was 1150 ± 540 ng m −3 due to anthropogenic pollution. The seasonal variation of BC (Figure 2(b) ) reveals that the mean monthly concentration is maximum during January (1420 ng m −3 ) that gradually decreases to minimum in August (440 ng m −3 ) and then increases thereafter. As seen in Figure 2 (c), main hourly BC concentrations were almost in a narrow range of 450-500 ng m −3 in summer. Hourly BC concentration frequency distribution usually was scattered in a wide mode range of 500-1500 ng m −3 in winter, 500-900 ng m −3 in autumn, and 450-550 ng m −3 in spring, corresponding to relatively high frequencies during these seasons.
Cluster Analyses of Air Mass Back Trajectories.
PSCF model, CWT method, and cluster analysis were run with the seasonal data for winter (December-February), spring (March-May), summer (June-August), and autumn (September-November) in order to identify the main atmospheric circulation pathways influencing BC concentration (Figure 2) . We attempted to use six clusters in all seasons providing the best representation of air mass classifications. It is seen that there are four dominant paths of air masses reaching Lithuania: from the W, NW, SW, and SE, as shown in Figure 3 this cluster have extremely long transport patterns; some of them cross over northern Europe. Trajectories belonging to S-SW typically follow a flow pattern over Poland and Belarus. Generally such trajectories have short transport patterns, indicating slow-moving air masses. Most of the high BC level episodes within this group are probably enriched by regional and mostly local emission sources. Figure 3 illustrates the mean trajectories (%) and BC concentration of each cluster. Trajectories from various directions had different effects on the BC concentrations. The highest BC concentration was found in cluster number 6 (winter, 3100 ± 1200 ng m −3 ), followed by cluster number 3
(spring 1090 ± 810 ng m −3 ) and cluster number 5 (spring, 1280 ± 1020 ng m −3 ). Cluster number 5 may represent the effect of continental air masses from the wildfires when biomass fire events occurred during spring; thermally induced recirculation near the coastline and dust plumes from there could further contribute and influence the BC concentration level in this region (Figure 3) . Except for anthropogenic emissions of fossil-fuel combustion, biomass burning including wildfires is an important contributor to the BC loading in this area.
Space-based measurements of fire radiative power are available from a number of sensors to detect when and where fire occurred and to understand thesmoke impact on the land and atmosphere. The MODIS and The Navy Aerosol Analysis and Prediction System (NAAPS) global aerosol model data were used to profile fire location maps over Lithuania, which are available as daily global fire counts. A combination of NAAPS model output and BC monitoring observations confirmed the presence of a smoke layer over Preila on 27 March (Figures 4(a)-4(c) ).
During this period a mean BC increase of 15% was recorded, compared to the remaining days of March. The high BC concentrations at Preila occurred during March 27 when the 12-hour average concentrations peaked at 1100 ng m −3 . During March 25-30 the trajectory model indicates that wildfire emissions from Kaliningrad were "hitting" Preila. Cluster number 6 (winter) may represent the effect of air masses from southern Europe on BC concentration in winter. The lowest BC concentrations were found in cluster number 4 (autumn, 220 ± 110 ng m −3 ) and cluster number 6 (spring, 330 ± 120 ng m −3 ), which represent the effect of clean marine air masses from northernEurope. This air mass clusters generally originate from N and NW directions at an average altitude of around 3200 m and then sink down when traveling above the sea.
Concentration Weighted Trajectory Analysis and Potential
Source Contribution Function. Figure 5 shows the distribution of weighted trajectory concentrations which gives the information on the relative contribution of source regions potentially affecting BC concentration at Preila. CWT is a function of BC concentration that was reported every 24 h and the residence time of a trajectory arriving at Preila in each grid cell. The potential source maps for BC concentration and air masses arriving at 100 m altitude at Preila during the study period for each season are given in Figure 5 . poor mixing ratio, so that central European countries were the greatest BC contributors to the atmosphere in Lithuania in 2013. Cells with high PSCF values (over Poland and Belarus) were the potential source regions to have effect on high BC concentration level in Preila. Figure 5 shows the map of potential PM10 (by assuming BC is component of aerosol PM10) pollution source region. Emission data bases based on officially reported data from the Member States combined in order to derive diffuse emissions to air were griddedpresented using a consistent methodology developed at EU level. Spatial analysis pointed out that maxima emissions are generated in different areas of the study domain and are more concentrated in big urban areas but homogenously distributed over Poland one of the heaviest users of district heating systems and coal as a strategic fuel in Poland in Europe. These local fossil fuel combustion activities are a major emitter of particulate matter, including BC. In 2013, heat consumption in Poland was at the level of ca. ∼850 PJ, of which 560 PJ was heat demand of individual consumers, and 350 PJ was supplied from district heating systems ( Figures  5 and 6 (winter) ). The regions in central Europe could be a potential region for BC in Preila environment as well because highly polluted air masses are always advected to Preila. It should be noted that BC can be used as a suitable tracer to reflect the influence of long-range transported aerosol over a Preila site. The highest average contribution to the observed BC concentrations during the winter season was from the air mass cluster representing the arrival direction from Poland and Czech Republic. The most distinct air mass pattern occurs from the west, while the eastern part of Belarus and Poland (winter) is also the regions with high CWT values (>1000 ng m −3 ). The pollution accumulated in the air masses of southern countries showsa contribution, or rather a baseline, to which local emissions (which are possibly dominant in summer and spring, Figure 6 ) are added. Most of the reported winter episodes in Europe were caused by long-range transport from sources of particulate matter, such as coal/wood combustion for heating [28] , as well as by increased traffic emissions due to unfavorable winter driving conditions [29] . Wood burning along with domestic waste and poorest and least expensive types of fuel is probably widely existing in individual heating houses not only in Lithuania and Poland [30] . Regions over north southern Europe are always associated with the highest CWT values, but the CWT values for eastern flows are higher in summer and winter. So we have assumed that the reason for the high CWT values must be attributed to airflow loaded with BC originated from the previously mentioned countries (in winter) and biomass burning (in spring) ( Figure 5 ).
To sum up the results, it was found that 60% of the back trajectories in the four seasons were from the west, in particular, from the northwest, while ∼20% were from the north, and less than 20% were from the east. On the pathway of the air mass from the southwest there were industries, such as cement production factories, oil refining factories, and coal mines, which could emit more PM with BC. In addition, a number of fires in spring were found over Kaliningrad and the west part of Belarus and Ukraine, which might be from biomass/grass burning fires ( Figure 5 (spring) ). Recent findings indicate that air masses from Kaliningrad (Russia) have been shown to be optimal for higher aerosol mass concentration in northern countries and Lithuania [31] . The CWT concentration values revealed that BC concentration observed in Preila is not heavily affected by long-range transport of air masses during summer as CWT values are less variable ( Figure 5 ). The PSCF values were calculated to evaluate the potential source contribution to BC in the atmosphere of the south-eastern Baltic sea region, based on all 72 h back trajectories arriving at the sampling site at 12:00 (local time) every day during the campaign ( Figure 6 ). 60N   50N   80N   70N   60N   50N   70N   60N   50N   40N   40W   80N   70N   60N   50N   40N   30W   20W  10W  0  10E  20E  30E  20W  10W  0  10E  20E  30E   20W  10W  0  10E  20E  30E   40E   0  10E  20E  30E According to the results in the PSCF analysis, four potential source areas were identified as having important contributions to BC at Preila: northerly, northwesterly, southerly, and westerly pathways. During winter, flows from the western were responsible for picking up air pollution over the continent of Europe and then transporting them northward a long distance. On the contrary, the potential source contribution factors (0.9-1) showed local areas pollution in summer and spring.
Conclusions
In this study, air mass backward trajectory cluster analysis, CWT and PSCF methods were used to investigate the transport pathways and potential sources of BC in the southeastern Baltic region. PSCF analysis in conjunction with satellite information identified little extra chunkof Russia stuck between Lithuania and Poland onthe Baltic Sea (Kaliningrad) as the main source areaaffecting the Preila site during wildfires in spring. These events significantly elevated the annual BC levels observed in the south-eastern Baltic region. An annual increase in BC concentration in spring suggests that controlling biomass burning could be an efficient way to decrease aerosol particle pollution in the south-eastern Baltic region. Six clusters were generated from backward trajectory cluster analysisfor different seasons. These clusters provided a main mechanism of transporting BC to Preila. The high BC aerosol mass concentration at Preila is a reflection of the high emission of fossil-fuel combustion in Lithuania and southern part of close countries (Poland) when air flows transported high-concentration of BC to the coastal site.
